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Abstract 

Seedling establishment is inhibited on media containing high levels (~6%) of glucose or fructose. Genetic loci that 
overcome the inhibition of seedling growth on high sugar have been identified using natural variation analysis and mutant 
selection, providing insight into sugar signaling pathways. In this study, a quantitative trait locus (QTL) analysis was 
performed for seedling sensitivity to high sugar in a Col/C24 population of Arabidopsis tlialiana. A glucose and fructose- 
sensing QTL, GSQll, was mapped through selective genotyping and confirmed in near-isogenic lines in both Col and C24 
backgrounds. Allelism tests and transgenic complementation showed that GSQll lies within the ANAC060 gene. The Col 
ANAC060 allele confers sugar insensitivity and was dominant over the sugar-sensitive C24 allele. Genomic and mRNA 
analyses showed that a single-nucleotide polymorphism (SNP) in Col ANAC060 affects the splicing patterns of ANAC060 such 
that 20 additional nucleotides are present in the mRNA. The insertion created a stop codon, resulting in a truncated ANAC60 
protein lacking the transmembrane domain (TMD) that is present in the C24 ANAC060 protein. The absence of the TMD 
results in the nuclear localization of ANAC060. The short version of the ANAC060 protein is found in ~12% of natural 
Arabidopsis accessions. Glucose induces CSQl 1/ANAC060 expression in a process that requires abscisic acid (ABA) signaling. 
Chromatin immunoprecipitation-qPCR and transient expression analysis showed that ABI4 directly binds to the GSQll/ 
ANAC060 promoter to activate transcription. Interestingly, Col ANAC060 reduced ABA sensitivity and Glc-induced ABA 
accumulation, and ABi4 expression was also reduced in Col ANAC060 lines. Thus, the sugar-ABA signaling cascade induces 
ANAC060 expression, but the truncated Col ANAC060 protein attenuates ABA induction and ABA signaling. This negative 
feedback from nuclear ANAC060 on ABA signaling results in sugar insensitivity. 
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Introduction 

Plant growth and development depends on the energy and 
carbon buUding blocks provided by soluble sugars. For efficient 
carbon nutrient utilization, prokaryotic and eukaryotic organisms 
have evolved a range of sophisticated signal transduction pathways 
that link sugar status to growth and reproduction [1-3]. In plants, 
such sugar-sensing and -signaling systems regulate the expression of 
thousands of genes involved in the control of metaboUc processes, 
growth, development and responses to the environment [4,5] . Sugar 
signaling pathways closely interact with other signaling pathways, 
including those for light [6], phytohormones [7], stress [8], defense 
[9] and other nutrients, such as nitrogen and phosphate [10]. 

Seedling growth and greening is inhibited when high concen- 
trations of sugars are added to the medium. In Arabidopsis thaliana. 



this phenomenon of early seedling development repression has 
been widely used as a convenient way of identifying mutants 
affected in sugar-sensing or signaling processes [11,12]. Mutants 
that are insensitive or oversensitive to different sugars have been 
isolated in this way, and the genes involved have been identified. 
However, such genes function in a variety of biological processes 
[11-18], and it is thus challenging to understand how these genes 
participate specifically in sugar signaling pathways. Prominent 
among these genes are HEXOKIMASEI (HXKl), which functions 
as a glucose (Glc) sensor [7], and genes involved in ABA 
and ethylene synthesis and signaling [11,12,17,19]. The sugar- 
ABA cascade regulates many genes involved in photosynthesis and 
metabolism and is antagonized by ethylene signaling via the EIN3 
protein [20,21]. A central regulator in sugar-responsive gene 
expression in plants is the ABM gene, which encodes an ERF/ 
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Author Summary 

In plants, sugars function as signaling molecules that 
control important processes such as photosynthesis, 
growth, carbon distribution over different organs and 
the production of storage compounds. Sugar signaling 
requires the phytohormone abscisic acid (ABA) and the 
ABA-induced regulatory transcription factor ABI4. In this 
study, a genetic analysis identified the transcription factor 
ANAC060 as an important component in establishing sugar 
sensitivity. It was found that, in natural Arabldopsis thaliana 
populations, the ANAC060 protein may occur as a long or 
a short version due to differential ANAC060 mRNA splicing 
caused by a single-nucleotide polymorphism (SNP). The 
long ANAC060 protein with an intact transmembrane 
domain (TMD) is excluded from the nucleus, whereas the 
short version lacking the TMD is always present in the 
nucleus, where it regulates gene expression. Functional 
analyses indicated that Col ANAC060 is involved in a novel 
negative feedback loop in the sugar-ABA signaling 
pathway. In this feedback loop model, ABI4 activates 
ANAC060 expression, but the nuclear presence of Col 
ANAC060 suppresses Glc-induced ABA accumulation and 
ABI4 expression, thereby reducing responsiveness to sugar 
signals. 



ANAC060 Attenuates the Sugar-ABA Signaling Cascade 




AP2 transcription factor [II, 1 3,22-24]. ABM is a regulator of seed 
germination, plastid-to-nucleus signaling and photosynthesis, 
redox status, lipid biosynthesis and breakdown, lateral root 
development and cell wall modification (reviewed in [25,26]). 
ABM is a versatile transcription factor, acting as both an activator 
and a repressor of gene expression. ABM binds directly to the 
identified ABM binding motif in the promoters of target genes 
[27-29]. 

Natural variation analysis provides an important tool for 
analyzing complex biological processes [30] . Previously, quantita- 
tive trait locus (QTL) mapping for seedling sugar sensitivity in her/ 
Cvi recombinant inbred line (RIL) populations led to the 
identification of several loci and genes controlling sugar sensitivity. 
For example, Glc sensing QTL5 {GSQ5) [31] encodes the delay of 
germination \[D0G1) gene, a major dormancy determinant. The 
sugar-ABA cascade induces GSQ5/D0G1 expression, and the Cvi 
GSQ5/D0G1 allele effectively enhances sugar-ABA signaling, 
thereby increasing sugar sensitivity [31]. Arabidopsis fructose (Frc) 
sensing QTL6 [FSQG) is another interesting QTL that is Frc specific, 
and the study of this QTL revealed an HXKl -independent Frc 
signaling pathway [32]. FSQ6 encodes the AMAC089 transcription 
factor, and the Cvi AMAC089 allele specifies a dominant fructose 
insensitivity trait [32]. 

In this study, a novel sugar-sensing QTL [GSQll) was 
identified in a Col X C24 F2 population using a selective 
genotyping approach. GSQll associates with the segregation 
distortion region in highly Glc-insensitive F2 individuals, and the 
QTL was confirmed in near-isogenic lines (NILs). Further studies 
showed that GSQll encodes the Arabidopsis NAC family 
transcription factor 060 {ANAC060). The Col ANAC060 allele 
gene harbors a single-nucleotide polymorphism (SNP) that affects 
intron splicing, leading to a truncated protein that lacks the C- 
terminal membrane anchor domain. This truncated ANAC060 
protein is constitutively located in the nucleus. ANAC060 is likely a 
direct ABM target, but, interestingly, the Col ANAC060 allele 
attenuates sugar-induced ABA accumulation and renders seedlings 
insensitive to sugar. 




Figure 1. Identification of tlie Glc-sensing QTL GSQll. Glc- 
sensitivity phenotypes of Col (A, C) and C24 (B, D) accessions. Seedlings 
were grown on agar-solidified 1/2 MS containing 5.5% Glc (A, B) or 5.5% 
Sor osmotic control (C, D) for 9 d at 22 C under continuous illumination. 
(E) Location of segregation distortion markers on chromosome 3. (F) 
Genotypes of the NILs and candidate region of GSQll. Blue and red 
denote the Col and C24 accession genomic regions, respectively, (G-K) 
Glc sensitivities of the NILs (G) N08, (H) N40, (I) N12, (J) IVI09 and (K) M35 
grown on agar-solidified 1/2 MS containing 5.5% glucose for 9 d at 
22°C under continuous illumination. 
doi:1 0.1 371/journal.pgen.1 00421 B.gOOl 



Results 

Selective genotyping identification of a Glc-sensing QTL 
in the Col X C24 F2 population 

The sugar sensitivity of Col and C24 seedlings was investigated 
on half-strength MS medium supplemented with increasing Glc 
concentrations, and it was found that C24 is substantially more 
sensitive to Glc than Col. On media supplemented with 5.5% Glc, 
the Col seedlings turned green and developed normally 
(Figure lA), whereas the C24 seedlings were developmentaUy 
arrested and remained pale (Figure IB). The growth of both 
accessions on 5.5% sorbitol (Sor) medium was not inhibited, 
showing that the sugar effect was not due to an osmotic effect 
(Figure IC, D). 
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The selective geiiotyping strategy [33] was followed to identify 
QTLs for Glc sensitivity in the Col X C24 population. 
Approximately 2000 F2 seeds were sown on 1/2 MS with 7% Glc, 
and 1 06 Glc insensitive seedlings were obtained. The genotypes of 
the insensitive F2 individuals were estabhshed using 81 polymor- 
phic simple sequence length polymorphism (SSLP) markers 
(http://www.arabidopsis.org, http://www.inra.fr/ vast/msat.php, 
http://amp.genomics.org.cn/). A segregation distortion region 
including SSLP markers F7K15, F13I12, CDC2BG and NGAl 12 
was found on the long arm of chromosome 3 (Figure 1 E, Table 
SI). The segregation ratios of these markers fit the 1:2:1 ratio in an 
unselected F2 population using 94 individuals (Table SI). Thus, it 
is likely that a Glc-sensing QTL {GSQ} is located in this region. 

Confirmation and fine mapping of the Glc-sensing QTL 

Near-isogenic lines (NILs) were used to further study the GSQ^ 
identified on chromosome 3. NILs N08, N12 and N40 have single 
genomic regions from C24 integrated into the Col background 
([34], Figure IF). Conversely, NILs M35 and M09 have single 
genomic regions from Col integrated into the C24 background 
([34], Figure IF). These NILs were tested for seedling Glc 
sensitivity. Of the NILs with a Col background, N08 and N40 
showed Glc-sensitive phenotypes (Figure IG, H), whereas NIL 
N12 showed Glc insensitivity comparable to Col (Figure II). Of 
the NILs with a C24 background, both M35 and M09 showed Glc 
insensitivity compared to C24 (Figure IJ, K). These results confirm 
the presence of a Glc-sensing QTL in this genomic region, with 
the Col sequence presenting Glc insensitivity. The QTL was 
named GSQll, and its confidence interval was deduced from the 
NIL genotypes and Glc-sensing phenotypes. GSQll was localized 
to a 1.86-Mb region between markers MASC05045 (14.3 Mb) and 
MASC07090 (16.16 Mb) (Figure IF). 

GSQll encodes the transcription factor ANAC060 

A total of 458 annotated genes are located in the GSQll 
candidate region. Conspicuously present among these genes is 
AmCOeO (At3g44290), which belongs to the OsMACS subgroup of 
group I NAC transcription factors that includes AMAC089 and 
ANAC040 [35]. AJVAC089 was previously identified as determining 
seedling Frc sensitivity. The Cvi ANAC089 allele specifically 
suppresses Frc signaling, allowing seedhng development to 
proceed on high-fructose-containing media [32]. Therefore, the 
effect oi AJVAC060 on Glc sensitivity and the possible association 
between ANAC060 and GSQll were investigated further. 

A T-DNA insertion mutant of amcOGO (Salk_012554C, Col 
background), in which a T-DNA insert is present in the second 
intron of the gene, was obtained (Figure SI A), and the insertion 
was confirmed by a PGR analysis (Figure SIB). No AMAC060 
mRNA could be detected by RT-PCR in this mutant (Figure 
SIC). Interestingly, the growth oi anac060 on 5.5% Glc resulted in 
seedling developmental arrest (Figure 2A), whereas Col is Glc 
insensitive. The Glc-sensitive phenotype of anac060 was found not 
to be the result of osmotic stress, as indicated by normal growth on 
5.5% Sor (Figure 2B). 

AUelism tests for GSQll and ANAC060 were performed, and the 
Fi seedlings of Col X anac060 and Col X N40 were both found to 
be insensitive to 5.5% Glc, similar to Col. This finding further 
indicated that both the C24 GSQll allele and anac60 are recessive 
(Figure 2C, D). Importantly, the Fj seedlings of the anaeOGO X N40 
cross were found to be Glc sensitive, as are the N40 and anacOGO 
parents (Figure 2E), strongly suggesting that GSQll and AMAC060 
are allelic. 

GSQll and ANACOGO allelism was confirmed by transferring the 
Col ANACOGO gene into N40 and antuOGO using the floral dip 




Figure 2. GSQll encodes ANAC060. (A) Glc sensitivity of anac060. 
iVlutant seedlings were grown on agar-solidified 1/2 MS containing 5.5% 
Glc for 9 d at 22 C under continuous light. (B) anacOSO growth on 5.5% 
Sor allows greening and development. Seedlings were grown on agar- 
solidified 1/2 MS containing 5.5% Sor for 9 d at 22 C under continuous 
light. (C-E) Allelism tests. Glc-sensitivity phenotypes of Col X anac060 
(C), Col X N40 F, (D) and NIL N40 X anac060 F, (E). Seedlings were 
grown on agar-solidified 1/2 MS containing 5.5% Glc for 9 d at 22 C 
under continuous light. (F-G) Transgenic complementation. (F) Glc 
sensitivity of the transgenic anac060 mutant transformed with the Col 
ANAC060 gene and (G) transgenic NIL N40 transformed with the Col 
ANAC060 gene. Seedlings were grown on agar-solidified 1/2 MS 
containing 5.5% Glc for 9 d at 22"C under continuous light. (H) 
ANAC060 expression levels in 7-day-old seedlings and in different 
organs of 30-day-old plants. 
doi:1 0.1 371/journal.pgen.1 00421 3.g002 

transformation method. Seedlings of the N40 and anacOGO lines 
transformed with the Col ANACOGO gene were Glc insensitive, 
unlike the Glc-sensitive N40 and anacOGO parents (Figure 2F, G). 
These results identify CO ffO as GSQll. 

The Frc sensitivities oi anacOGO and oi anacOGO transformed with 
Col ANACOGO were then investigated. Seedling development of 
anacOGO was arrested on media containing 6.5% Frc (Figure S2B), 
whereas the seedlings of anacGO transformed with Col ANACOGO 
and of wild-type Col were green and developed normally (Figure 
S2A, C). The Frc-sensitive phenotype of the anacOGO seedlings also 
reverted to Frc insensitivity in anacOGO harboring the Col 
ANACOGO transgene (Figure S2C). These results show that 
ANACOGO is involved in both Glc and Frc signaling. 

ANACOGO expression levels were determined in different plant 
tissues by qPCR. ANACOGO was found to be highly expressed in 
both seedlings and roots and weakly expressed in the leaf, stem, 
flower and sHique (Figure 2H). 

Differential mRNA splicing renders Col GSQl 1/ANAC060 
insensitive to Glc 

ANACOGO is annotated as a NAC transcription factor with a 
transmembrane domain (TMD) and was named NAC with 
transmembrane motif 1-like 5 {MTL5) [36]. The TAIR (www. 
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arabidopsis.org)-aiinotated ANAC060 protein consists of 335 
amino acids with a C-terminally located TMD. Remarkably, the 
Col ANAC060 faU-length cDNA clone GSLTLS7ZC02 (www. 
ncbi.nlm.nih.gov/nucleotide/BX823820) encodes a protein of 228 
amino acids that lacks the TMD. In yeast, the Col ANAC060 
protein fused to the GAL4 DNA-binding protein strongly 
activated a GAL4 UAS promoter-containing reporter gene (Figure 
S3), suggesting that ANAC060 functions as a transcriptional 
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Figure 3. A QTN alters the splicing pattern of Col and C24 
ANAC060 mRNIKs. (A and B) Splicing patterns of Col and C24 ANAC060 
mRNA compared to the TAIR annotation. The red bar indicates the extra 
20 nucleotides in the Col accession. The black and open bars indicate 
the exons and introns, respectively. The grey bars represent the 5' and 
3' UTRs. (B) Details of the SNP and splicing patterns. The underlined 
letter indicates the SNP. The red print indicates the sequence of the 20- 
nucleotide fragment that is absent (small caps) in the C24 mRNA and 
present (large caps) in the Col mRNA. The in-frame TAA stop codon in 
Col is double underlined. (C) Amino acid sequences of the TAIR 
annotation (top), Col (middle) and C24 (bottom) GSQ1 1/ANAC060 
proteins. The transmembrane domain (TMD) is boxed. The underlined 
letters indicate the amino acid changes compared to the TAIR 
annotation. (D-E) Glc sensitivities of transgenic anac060 (D) and N40 
(E) transformed with the mutated Col ANACOSO'^'^ gene. Seedlings were 
grown on agar-solidified 1/2 MS containing 5.5% Glc for 9 days at 22"C 
under continuous illumination. (F) The CAPS marker for detecting the 
QTN between Col and C24. The primer sequences were CAPS-F 5' 
GGAAAGCCACAGGAAAAGAGC 3' and CAPS-R 5' CACCAACACGGCTAT- 
CATAACGAG 3'. The Col-type alleles are digested by ScrFI, whereas the 
Cvi-type alleles are not. 
doi:1 0.1 371/journal.pgen.1 00421 3.g003 



activator. Serial deletions of the Col ANAC060 protein were tested 
for transcriptional activity in yeast, resulting in the identification of 
a region including V"** D'^' F'^" that is conserved in ANAC060 
and ANAC089 as essential for transcriptional activity (Figure S3). 
An alignment analysis showed that, in the Col AMAC060 mRNA 
coding sequence, 20 base pairs (bp) are inserted that include an in- 
frame TAA stop codon, explaining the Col ANAC060 protein 
truncation. These 20 bp are absent in the C24 AMAC060 mRNA. 
It appears that the Col and C24 AMAC060 mRNAs are sphced 
differently (Figure 3A). 

Comparing the genomic sequences of the Col and C24 
ANAC060 genes revealed the probable cause for the differential 
splicing. An SNP is located precisely at the 3' end of the 3rd intron 
spKcing acceptor site of the Col ANAC060 gene. In Col, a G 
nucleotide is located at this position, whereas this is a T in C24 
(Figure 3B). This G to T transversion affects the splicing pattern: a 
functional AG acceptor splice site is present in Col and a non- 
functional AT site is present in C24 (Figure 3B). However, the 
annotation in the TAIR database does not include this AG 
acceptor sphce site, producing the 335-amino acid-long version of 
the ANAC60 protein that includes the TMD (Figure 3C). 

The association between the AMAC060 splicing pattern and Glc 
sensitivity was illustrated by introducing a G to T point mutation 
in the Col AMAC060 gene and transforming this mutated Col gene 
into amcOeO and NIL N40. cDNA derived from the mRNA of 
transgenic amc060 harboring the Col ANAC060'''^ construct was 
sequenced. Importantly, the Col ANAC060'''^ lines showed the 
same splicing pattern as C24 (Figure S4A). The splicing pattern in 
the transgenic anacOGO lines transformed with the wild-type Col 
ANAC060 gene was identical to that of the Col accession (Figure 
S4B). As expected, the introduced mutated ANAC060'''^ gene did 
not complement the Glc-sensitivity phenotypes of anac060 and 
NIL N40 (Figure 3D, E). These results confirm that the G-T SNP 
is responsible for the differential splicing in Col and C24 and 
establishes this SNP as a quantitative trait nucleotide (QTN) for 
sugar sensitivity. 

The frequency of the natural G-T substitution causing the Glc- 
sensitive phenotype was investigated in Arabidopsis accessions. A 
cleaved amplified polymorphic sequence (CAPS) marker that 
specifically detects this SNP was developed (Figure 3F), and the 
haplotypes of 66 accessions were established. Six of the 66 
accessions tested were of the Col type, and the remaining 60 
accessions were of the C24 type (Table S2). The AJVAC060 SNP 
was further analyzed using public data on 507 resequenced 
Arabidopsis accessions (http://signal.salk.edu/atgl001/3.0/ 
gebrowser.php). The haplotypes of 436 accessions were T, 
including C24; those of 69 accessions were G, including Col 
(Table S3). Accessions Got-22 and Got-7 have a C nucleotide at 
the splice site position, differing from both Col and C24. 

Differential localization of the Col and C24 ANAC060 
proteins 

The absence of a TMD in the truncated Col-type ANAC060 
protein most likely results in differential protein localization 
compared to the C24-type ANAC060 protein, which includes the 
TMD. Differential localization of Col and C24 ANAC060 
proteins was investigated by fusing these proteins N-terminaUy to 
GFP, followed by transient expression in Arabidopsis mesophyU 
protoplasts using the PA7 vector (created by Dr. Katrin 
Czempinski, Potsdam University, Germany). As expected, the 
PA7 vector expressing only the GFP protein was localized by 
confocal laser-scanning microscopy in the cytosol and nucleus 
(Figure 4A-D). Interestingly, the Col GFP::ANAC060 fusion 
protein was located exclusively in the nucleus (Figure 4E-H), 
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Figure 4. Localization of the Col and C24 ANAC060 proteins. (A-D) Localization of GFP expressed from the control vector PA7, (A) GFP 
fluorescence image, (B) chloroplast fluorescence, (C) bright-field image and (D) merged image of A-C. (E-H) Col GFP::ANAC060 fusion protein 
localization, (E) GFP fluorescence, (F) chloroplast fluorescence, (G) bright-field image and (H) merged image of E-G. (I-L) C24 GFP::ANAC060 fusion 
protein localization, (I) GFP fluorescence, (J) chloroplast fluorescence, (K) bright-field image and (L) merged image of l-K. 
doi:1 0.1 371 /journal.pgen.1 00421 3.g004 

signaling pathway and GSQl 1 / AMAC060 in determining Glc 
sensitivity was investigated in anac060 aba2 and anacOGO abi4 
double mutants. Both the anacOGO aba2 and anacOGO abi4 double 
mutants showed sugar-insensitive phenotypes similar to the aba2 
and abi4 single mutants (Figure 5B, C). These results show that 
ABA2 and ABM are epistatic to GSQl 1 /ANACOGO. 

ABI4 binds to and activates the ANAC060 promoter 

ABI4 regulates many sugar-responsive genes by direct promoter 
binding via the ABM binding motif [28] . In ANACOGO, a CACCG 
ABM binding motif is located 1649 bp upstream of the ATG 
initiation codon (Figure 6A), suggesting that ABM induces 
ANACOGO by directly binding to the promoter. Accordingly, direct 
ABM binding to the ANACOGO promoter was investigated using 
Chip (chromatin immunoprecipitation)-qPCR in a 35S-ABI4::GFP 
transgenic line (Col accession) [38] . This transgenic line showed a 
Glc-sensitive phenotype, indicating that the ABM::GFP fusion 
protein retained its biological function (Figure S5A— B). The 
ANACOGO mRNA level in this ABM-overexpressing line grown on 
glucose was approximately 5-fold higher than in wild-type (Figure 
S5C). Fragmented chromatin was immunoprecipitated using an 
anti-GFP antibody, and ANACOGO promoter fragments were 
quantitated using qPCR. In these experiments, a close to four- 
fold enrichment was observed for the CACCG-containing region 
(PI) in the ANACOGO promoter relative to the control; no such 
enrichment was found in a control region (P2) of the promoter 
(Figure 6B). Thus, it is likely that ABM binds direcdy to the 
CACCG region of the ANACOGO promoter in vivo. 

The regulation of ANACOGO expression by ABM was investi- 
gated using Arabidopsis mesophyll protoplasts and the dual 
luciferase transient expression system. A luciferase reporter 
plasmid was constructed containing the P3 part of the ANACOGO 



whereas the C24 GFP::ANAC060 fusion protein was located in 
the cytosol (Figure 4I-L). Therefore, the presence of the TMD 
effectively retains the C24 ANACOGO protein in the cytosol, most 
likely in association with endomembranes [3 7] . 

Glc induction of ANAC060 requires ABA signaling 

The Glc responsiveness of ANACOGO was investigated, and it 
was found that this gene is strongly induced by Glc (Figure 5A). 
Many Glc-responsive genes depend on ABA synthesis and 
signaling. Interestingly, ANACOGO does not respond to Glc in the 
aba2~l ABA-deficient mutant and the abi4-l ABA signaling mutant 
(Figure 5A). Thus, ANACOGO is responsive to the sugar-ABA 
signaling cascade. The genetic interaction between the ABA 




Figure 5. Glc induction of requires ABA signaling. (A) 

ANAC060 mRNA levels in Col wild-type, aba2-t and abi4-1 mutants 
grown at 22'C under continuous illumination for 7 days in 5.5% Glc or 
5.5% Sor. The values represent the average of three technical repeats 
from a representative experiment. The bars indicate the standard errors. 
Similar results were obtained in three independent experiments. (B) Glc 
sensitivities of the anacOSO aba2 double mutant and (C) anac060 abi4 
double mutant. Seedlings were grown on agar-solidified 1/2 MS 
containing 5.5% Glc for 9 d at 22°C under continuous light. 
doi:1 0.1 371/journal.pgen.1 00421 3.g005 
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Figure 6. ABI4 directly activates ANAC060. (A) The ANAC060 
promoter region: PI indicates the CACCG motif bound by ABI4, and P2 
is proximal to the transcription initiation site. The arrows indicate the 
primers used for the PI and P2 region ChlP-qPCR analyses. P3 indicates 
the fragment used in the transient expression assays. (B) PI and P2 
promoter fragment enrichment following ChlP-qPCR performed in the 
absence (No antibody) or presence (Anti-GFP) of anti-GFP antibodies. 
(C) Protoplast transient expression assay using the ANAC060 P3 
promoter fragment (A). The luciferase luminescence intensity was 
quantitated following transfection with different vectors. 0800+62SK 
indicates protoplast transfection with the empty pGreenll 0800-LUC 
and pGreenll 62-SK vectors. 0800+35S-ABI4 indicates protoplast 
transfection with the empty pGreenll 0800-LUC vector and pGreenll 
35S-ABI4. P3-LUC4-62SK indicates protoplast transfection with pGreenll 
with the ANAC060 P3 promoter fragment fused to LUC and the empty 
pGreenll 62-SK vector. P3-LUC4-35S-ABI4 indicates protoplast transfec- 
tion with pGreenll with the ANAC060 P3 promoter fragment fused to 
LUC and pGreenll 35S-ABI4. P3m-LUC4-62SK indicates protoplast 
transfection of pGreenll with the mutated (CACCG to TTTAA) ANAC060 
P3 promoter fragment fused to LUC and the empty pGreenll 62-SK 
vector. P3m-LUC4-35S-ABI4 indicates protoplast transfection with 
pGreenll with the mutated (CACCG to TTTAA) ANAC060 P3 promoter 
fragment fused to LUC and pGreenll 35S-ABI4. Three biological repeats 
were performed, and cotransfection with 35S-Renilla LUC was used for 
normalization. 

doi:1 0.1 371/journal.pgen.1 00421 3.g006 

promoter fused to LUC (P3-LUQ in the pGreenll vector 
(Figure 6A). High relative luciferase activity was detected only 
when the reporter construct was co-transfected with the 35S-ABI4 
construct in the pGreenll vector (35S-ABI4) (Figure 6C). The 
transfection of vectors lacking either 35S-ABI4 or the P3 target 
promoter element resulted in low relative luciferase activity 
comparable to single transfections of 35S-ABI4 or P3-LUC 
(Figure 6C). The role of the CACCG ABM binding motif in 
ANAC060 promoter activation was investigated by mutational 
analysis. Cotransfection of 35S-ABI4 and the P3 element 
harboring a mutated CACCG sequence (P3m-LUC) caused 
reduced luciferase activity compared to the wild-type P3-LUC 
sequence (Figure 6C). These findings, together with the ChlP- 
qPCR results, support the conclusion that ABM induces ANAC060 
transcription in vivo. 

ANAC060 attenuates Glc-induced ABA accumulation and 
ABA sensitivity 

ABA levels were quantitated in 5-day-old Col and anacOdO 
seedlings grown on 5.5% Glc or on a Sor osmotic control. Growth 
on Glc increased the ABA content both in Col and anac060 
(Figure 7A) compared to the osmotic control. Interestingly, the ABA 
levels in the Glc-grown anac060 seedlings were ~twofold higher 
than in Col (Figure 7A). As expected, Glc induced ABM expression 
in Col, but a nearly fourfold higher ABM mRNA level was detected 



in anac060 (Figure 7B). The increases in ABA and ABM expression 
in anac060 likely explain the amc060 Glc-sensitive phenotype. 

ABA sensitivity was investigated in Col, anac060 and NIL N40 
in the absence of added sugars. Supplementing the 1/2 MS 
growth medium with 0.5 |J,mol/L ABA repressed seedhng 
development in anacOGO and NIL N4() compared to a control 
medium, whereas Col seedhng development was unaffected 
(Figure 7C, Figure S6). These results indicate that the Col 
ANAC060 reduces sensitivity to ABA. 

Discussion 

The preparation of RIL populations for QTL mapping is 
laborious and time consuming. In contrast, selective genotyping 
represents a rapid and convenient way to locate QTLs [33,39]. 
Selective genotyping has been used to map QTLs in maize [40], 
wheat [41], barley [42], tomato [43-45] and rat [4(5]. Glc 
s(;nsitivities of C24 and Col accessions were compared, and it was 
found that C24 is substantially more sensitive to Glc than is Col. 
Glc insensitivity was investigated in Col X C24 Fj individuals, and 
a segregation distortion region was identified. The segregation 
distortion-associated QTL, GSQJl, was confirmed in NIL lines 
\vith Col and C24 backgrounds. 

Previously, QTL analysis for sugar sensitivity was undertaken in 
the Ler/ Cvi RIL population, and nine QTLs specifying Glc or Frc 
sensitivity were identified [31,32]. The GSQJl locus identified here 
represents a novel locus not previously observed in the L«r/Cvi 
RIL population. GSQll is identical to AJ\AC060, a novel gene that 
determines sugar sensitivity. In natural populations, AJSAC060 is 
present in two variants: the Col variant, encoding a 228-amino 
acid-long protein that lacks the TMD, and a C24 variant encoding 
a 335-amino acid-long protein that includes the TMD. In the Col 
ANAC()60 allele, an SNP creates a functional AG splice ac:c:eptor 
site, resulting in diflFerential splicing that introduces a premature 
stop codon; conversely, an AT sequenc:e is present at this location 
in C24, resulting in normal splicing and a fuU-length protein. As a 
consequence, the Col protein is constitutively localized to the 
nucleus, whereas the C24 protein is retained in the cytosol by its 
TMD. 

Membrane-tethered transcription factors (MTTFs) are found in 
virtually all major transcription factor families in plants [47] . The 
TMDs of MTTFs are essential for membrane insertion, thereby 
exclucUng the proteins from the nucleus. However, developmental, 
metabolic and environmental stimuli can induce proteolytic 
cleavage of the TMD in MTTFs, resulting in their nuclear 
migration, where they can regulate target genes [48]. This 
mechanism allows for rapid responses to changing conditions. 
For example, membrane-attached ANAC089 TMD cleavage is 
controlled by the cellular redox status, and reducing conditions 
promote the nuclear migration of this protein [37]. At least 18 
NAC transcription factors with TMDs are encoded by the 
Arabidopsis genome, including ANAC060 and AJ\AC()89 [47]. 
Previously, a natural variation analysis identified the Cvi allele of 
the AJ\fAC089 / FSQ6 XxzmcrvpiLon factor as promoting seedhng Frc 
insensitivity. This Cwi ANAC089 allele lacks a TMD, similar to Col 
ANAC060, and the truncated Cvi ANAC089 protein is also 
localized to the nucleus. However, truncated ANAC089 is 
specifically Frc insensitive, whereas truncated ANAC060 sup- 
presses the response to both Glc and Frc. Further investigations 
are needed to understand the mechanism by which nuclear- 
localized ANAC060 and ANAC089 proteins establish different 
responses to sugars and the role of ABA signaling in this process. 
Such investigations include the identification of genes difiFerentially 
regulated by Glc and Frc in variants of ANAC060 and ANAC089. 
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Figure 7. /I/V/IC05(7 attenuates Glc-induced ABA accumulation and ABA sensitivity. (A) ABA content of Col and anac060 seedlings grown at 
22°C under continuous illumination for 5 days on 5.5% Glc or 5.5% Sor. (B) ABI4 expression level of Col and anac060 seedlings grown at 22 C under 
continuous illumination for 5 days on 5.5% Glc or 5.5% Sor. (C) Col, anac060 and NIL N40 seedlings grown on 1/2 MS with 0.5 |j.mol/L ABA for 5 days 
under continuous illumination. 
doi:1 0.1 371/journal.pgen.1 00421 3.g007 



Glc induces GSQl 1 /ANAC060 expression, and ttiis induction 
requires an intact ABA signaling pathway. The Glc sensitivity 
of the anacOGO mutant depends on an intact ABA signaling 
pathway, and anac060 becomes Glc insensitive when combined 
with ABA biosynthesis (aba2) or signaling {abi4) mutants. The 
ABA-induced transcription factor ABM is a central regulator of 
sugar-responsive gene expression in plants. ABM induces 
ANAC060 expression by interacting with the ABM binding motif 
in the AMAC060 promoter. Two- to threefold higher Glc-induced 
ABA accumulation was reported in the Glc-treated gin6/abi4 
mutant [13], suggesting that ABM induction inhibits ABA 
accumulation in the sugar-ABA signahng pathway. In the present 
study, enhanced sugar-induced ABA accumulation was also 
observed in the anacOGO mutant. Therefore, ANAC060 localized 
to the nucleus also appears to be part of a negative feedback loop 
in the ABA-mediated sugar signaling pathway. The sugar-ABA 
signaling pathway induces the expression of ANACOGO through 
ABM, whereas the nuclear presence of the ANACOGO protein 
represses sugar-ABA signaling, rendering seedlings insensitive to 
sugars. 

Materials and Methods 

Plant materials 

The F2 population derived from a cross between Col and C24 
was used for the QTL analysis. N08, N12 and N40 are NILs with 
single genomic regions of C24 integrated into the Col background; 
M35 and M09 are NILs with single genomic regions of Col 
integrated into the C24 background [34]. The anacOGO T-DNA 
insertion mutant, Salk_012554C, was obtained from ABRC. 35S- 
ABM::GFP transgenic line was provided by Dr. Xie [38]. 



Analysis of sugar sensitivity and ABA sensitivity 

Sterilized seeds were placed on 0.1% agarose for 4 days at 4°C 
in the dark for stratification and then plated on solidified 1 /2 MS 
medium, pH 5.8. Sugars, sorbitol and ABA were added at the 
concentrations indicated. The plates were incubated at 22°C 
under continuous fluorescent light for 9 days, and the sugar- and 
ABA-sensitivity phenotypes were scored. 

QTL analysis by selective genotyping 

A total of 106 Col X C24 individuals insensitive to 7% 
Glc were selected and genotyped together with an unselected F2 
population of 94 individuals. Eighty-one polymorphic SSLP 
markers between Col and C24 were used for genotyping 
(http://www.arabidopsis.org, http://www.inra.fr/ vast/ msat.php, 
http://amp.genomics.org.cn/). The statistical approach for QTL 
identification was as previously described [44] . 

Constructs 

The promoter (1794 bp upstream of the start codon) and 
coding regions (2111 bp) of ANACOGO were amplified separately 
from Col genomic DNA using the primers presented in Table S4 
and individually cloned into the pCAMBIA1301 to construct 
complementation vectors. The G-T point mutation was intro- 
duced into the complementation vector using the QuikChange 
Multi Site-Directed Mutagenesis Kit (Stratagene). The coding 
sequences of the ANACOGO gene from C24 (1028 bp) and Col 
(687 bp) were amplified from cDNA using the primers presented 
in Table S5 and subcloned into PA7 to construct vectors for the 
protein localization assay in protoplasts. 
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Transactivation activity assay in yeast 

The transacti\'ation activit)' assays in yeast were performed using 
the Matelimaker GAL4 Two-Hybrid System 3 (Clontech), with 
modifications as described [49]. The full-length M'AC060 cDNA 
(clone GSLTLS7ZC02) was used to create pANACOGOACl, 
pAMAC060AC2 and pAMC060AC3 by PGR amplification using 
the primers presented in Table S6. The PGR products were 
digested with BamHI and PstI and inserted into PGBKT7, resulting 
in an in-frame fusion of AJ\AC060 sequences with the GAL4 DNA- 
binding domain. The plasmids were transformed into yeast strain 
PJ69-4A, and the yeast cultures were grown overnight in liquid 
medium and diluted to an OD600 of 0.5. Serially dilutions were 
dropped onto either -Trp SD media or -Trp/-His/-Ade SD media. 

ChlP-qPCR 

Seeds of Gel and the 35S-ABI4::GFP transgenic line were grown 
on 1/2 MS medium for approximately 2 weeks. Seedlings (3 g) 
were harvested and crosslinked with 1% formaldehyde for 

15 minutes under vacuum; the crosslinking was stopped by the 
addition of 0.125 M glycine. The seedlings were homogenized in 
liquid nitrogen, and nuclei were isolated. The isolated nuclei were 
treated with ultrasonic waves (Bioruptor UGD-200) to fragment 
the chromatin into 200-300-bp fragments. Immunoprecipitations 
were performed with an anti-GFP antibody (Abeam) and protein 
A beads (MUlipore). Mock immunoprecipitations in the absence of 
anti-GFP served as controls. DNA was precipitated by isopropa- 
nol, washed with 70% ethanol and dissolved in 35 ^ll water 
containing 10 IJ^g/jxl RNase. The qPGR analysis was performed 
using primers (Table S7) corresponding to different promoter 
regions of AJ^ACOGO. The relative enrichment of each fragment 
was calculated by normalizing the values for transgenic plants 
against the values for wild-type, as described [50]. 

Dual luciferase essay 

The Arabidopsis protoplast isolation and transfection followed the 
protocols of Dr. Sheen's laboratory [51]. The P3 region of the 
ANAC060 promoter was amplified (Table S8) and cloned into the 
pGreenll 0800-LUC (firefly luciferase) vector [52] to construct the 
pGreenll P3-LUC vector. The mutated P3 fragment (P3m) was 
artificially synthesized (Shanghai Generay Biotech Go., Ltd.) and 
cloned into the pGreenll 0800-LUC vector, similar to the P3 
fragment. The ABM cDNA was fused to the pGreenll 62-SK vector 
[52] to construct the pGreenll 35S-ABI4 vector. In each co- 
transfection assay, 6 (Xg pGreenll P3-LUC plasmid and 12 ^g 35S- 
ABI4 plasmid were used. Protoplasts that had been incubated for 1 6 h 
were subjected to luciferase assays using the Promega du;d-luciferase 
reporter assay system and the GloMax 20/20 luminometer. 

Real-time RT-PCR 

Total RNA was isolated using die Plant RNA Kit from 

Yuanpinghao Bio (www.^ph-bio.com). Aliquots (1 |ig) were reverse 
transcribed using TransScript One-Step gDNA Removal and 
cDNA Synthesis SuperMrx (TransGen Biotech). Five |jl of 
cDNA was used per real-time PGR reaction with 20 |J,1 GoTaq q- 
PGR Master Mix from Promega (http://www.promega.com) 
and 0.8 ^1 of primers diluted to 10 pM (Table S9). PGR was 
performed using the Roche LightGycler 96 SW 1 .0 Real-Time PGR 
system sequence detector. The expression levels of the ANAC060 
and ABM genes were calculated relative to the PP2A [53] levels 
using the Qjgene method, which takes the relative efficiencies of the 
different primer pairs into account [54,55]. The sequences of the 
primers used for the amplification of AMAC060 and ABM are 
presented in Table S9. 



Quantification of endogenous ABA 

Seedlings were ground in liquid nitrogen, and 150 mg of the 
powder was homogenized and extracted for 24 h in methanol 
containing D6-ABA (OlChemlm Co. Ltd.) as an internal standard. 
ABA was purified using an Oasis Max soKd-phase extraction 
cartridge (150 mg/6 cc; Waters) and eluted with 5% formic acid in 
methanol. The eluate was dried, and ABA was quantitated as 
described [38] using a liquid chromatography-tandem mass 
spectrometry system with an Acquity ultra-performance liquid 
chromatograph (Acquity UPLG; Waters) and a triple quadruple 
tandem mass spectrometer (Quattro Premier XE; Waters). Three 
biological replications were performed for each treatment. 

Supporting Information 

Figure SI Gonfirmation of the anacOGO T-DNA insertion 
mutant (Salk_012554C). (A) Position of the T-DNA insertion in 
anacOGO (Gol accession). Black bars indicate the protein coding 
exons, open bars indicate the introns and the gray bars indicate 
the 5' and 3' UTRs. LP, RP and LB indicate the PGR primers 
used to confirm the insertion. (B) PGR confirmation of the T-DNA 
insertion. The PGR product of LB+RP indicates the presence of 
the T-DNA insertion. The PGR product of LP+RP indicates the 
absence of the insertion in Col. Primer sequences were: LB, 5'- 
ATTTTGCGGATTTCGGAAG-3'; LP, 5'-TGGAGTGTGTT- 
TGAAGCGTTG-3'; RP, 5'-TATGCGTGTGGTGATTTGGT- 
G -3'. (C) Expression analysis of ANACOGO in Gol and 
Salk_012554C using RT-PCR. Primers: ANAG060-F, 5'-AG- 
GAGGAAGAACGGAATGGCTT-3'; ANAC060-R, 5'-GGAG- 
TCTGTTTGAAGCGTTGGTAC-3'; PP2A-F, 5'-AAGGTAA- 
AGAAGAGAGGAAGGA-3'; PP2A-R, 5'-GAAAAAGGAAATA- 
GGGGC-3'. 
(TIF) 

Figure S2 Fructose sensitivity phenotypes of Gol (A), anacOGO (B), 
and ANACOGO (Col) transgenic complementation of the anacOGO 
mutant (C). Seeds were plated on 1/2 MS containing 6.5% fructose 
and grown for 9 days at 22°C under continuous illumination. 
(TIF) 

Figure S3 Transcriptional activit)- in yeast of different Col GSQll/ 
AAACOGO constructs as indicated. GAL4 .AD, GAL4 activation 
domain; NLS, nuclear localization sequence; MGS, multiple cloning 
site. Dilutions as indicated of transformed PJ69-4A yeast cells were 
grown on selective medium (SD/-Trp -His -Ade) and compared to 
growth on non-selective control medium (SD/-Trp). 
(TIF) 

Figure S4 The QTN affects the splicing pattern of ANACOGO 
mRNA. (A) cDNA sequence of ANACOGO mRNA expressed in 
transgenic anacOGO transformed with mutated Col ANACOGff''^ . The 
red line indicated the exon 3 acceptor splice site. (B) cDNA sequence 
ot ANACOGO mRNA expressed in transgenic anacOGO transformed 
with Gol ANACOGO. The red fine indicates the exon 3 acceptor splice 
site, the extra 20 bp are located between the red and the black lines. 
(TIF) 

Figure S5 Glc sensitivity phenotypes of Gol (A), and ^J^*- 
ABMr.GFP fines (B). Seeds were plated on 1/2 MS containing 
b.y/a Glc and grown for 9 days at 22°C under continuous 
illumination. (C) AjYACOGO mRNA expression levels of 7-day-old 
Gol and 35S-ABM::GFP seediings grown on 5.5% Glc. The values 
represent the average of three technical repeats from a 
reprcsentati\ e experiment. The bars indicate thi; standard errors. 
Similar results were obtained in three independent experiments. 
(TIF) 
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Figure S6 Col, anacOdO and NIL N40 seedlings grown on 1/2 
MS control medium for 5 d under continuous illumination. 
(TIF) 

Table SI Monogenic segregation of SSLP markers on Chro- 
mosome 3. 
(DOCX) 

Table S2 The QTN haplotypes of the accessions as determined 

by CAPS marker. 

(DOCX) 

Table S3 The QTN haplotypes of the Arabidopsis 1001 
database (http://signal.salk.edu/ atgl 00 1 / 3.0/gebrowser.php). 
(DOCX) 

Table S4 Primers used for cloning promoter and coding region 

of the Col ANAC060 gene. 

(DOCX) 

Table S5 Primers used for cloning the coding region of Col and 

C24 AMAC060 genes. 

(DOCX) 

Table S6 Primers used for the transactivation activity assay. 

(DOCX) 

Table S7 Primers used for AMAC060 promoter ChlP-qPCR. 
(DOCX) 



Table S8 Primers used for cloning the P3 fragment of Col 

ANAC060 promoter. 

(DOCX) 

Table S9 Primers used for qPCR. 
(DOCX) 

Acknowledgments 

Wc ihank Dr. Qi Xic (histitutc of Genetics and Developmental Biology, 
Chinese Academy of Sciences) For pro\iding the 35S-ABI4::GFP seeds. We 
appreciate the help from Dr. Lin Xu (Institute ol' Plant Physiology and 
Eeolog)', Shanghai Institutes for Biological Sciences, Lhe Chinese 
Academy of Sciences) in the ChlP-qPCR experiments. We also appreciate 
the help from Dr. Jinfang Chu, Cunyu Yan and Xiaohong Sun (National 
Centre for Plant Gene Research, Institute of Genetics and Developmental 
Biology, Chinese Academy of .Sciences) in determining ABA contents, and 
the help I'rom Dr. Xiaoshu Cjao (Institute of Plant Physiology' and Ecology, 
Shanghai Institutes for Biological Sciences, The Chinese Academy of 
Sciences) in confocal laser-scanning microscopy observation. 

Author Contributions 

Conceived and designed the experiments: ST PL. Performed the 
experiments: PL HZ XS BY YZ SC YW YP. Analyzed the data: ST PL 
SCS. Contributed reagents/materials/analysis tools: RCM. Wrote the 
paper: ST SCS. 



References 

1. Gibson S (2005) Control of plant development and gene expression by sugar 
signaling-. Curr Opin Plant Biol 8: 93 102. 

2. RoUand 1'', Bacna-()onzalr/ E. Sheen J ;200r>) Sugar sensing and signaling in 
plants; eonser\'ed and novel meehanisms. Annu Rev Plant Biol 57: 675—709. 

3. Smeekens S (2000) Sugar -induced signal transduction in plants. Annu Rev Plant 
Physiol Plant Mol Biol 51: 49-81. 

4. Eveland AL, Jackson DP (20 1 2) Sugars, signalling, and plant development. J Exp 
Bot 63: 3367-3377. 

5. Price J, Laxmi A, St Martin SK, JangJC (2004) Global transcription profiling 
reveals multiple sugar signal transduction mechanisms in Arabidopsis. Plant Cell 
16: 2128-2150. 

6. Dijkwel PP, Huijser C, Weisbeek PJ, Chua NH, Smeekens SG (1997) Sucrose 
control of phytochrome A signaling in Arabidopsis. Plant C.cW 9: 583 595. 

7. Moore B, Zhou L, Rolland P, Hall O. Cheng W'll c\ al. (2003) Role of the 
Arabidopsis glucose sensor HXKl in nutrient, light, and hormonal signaling. 
Science 300: 332-336. 

8. Baena-Gonzalez E, Rolland F, Thevelein JM, Sheen J (2007) A central 
integrator of transcription networks in plant stress and energy s^EiUing. Nature 
448: 938-942. 

9. Bolouri Moghaddam MR, den Ende WV (2013) Sugars, the clock and transition 
to flowering. Front Plant Sci 4: 22. 

10. Lei M, Liu D (201 1) Sucrose regulates plant responses to deficiencies in multiple 
nutrients. Plant Signal Behav 6: 1247-1249. 

1 1. Laby R, Kincaid M, Kim D, Gibson S (2000) The Arabidopsis sugar-insensitive 
mutants sis4 and sis5 are defective in abscisic acid synthesis and response. Plant J 

23: 587-596. 

12. Zhou L, Jang J, Jones T, Sheen J (1998) (jlueose and ethylene signal 
transduction crosstalk revealed by an Arabidopsis glucose-insensitive mutant. 
Proc Nati Acad Sci USA 95: 10294-10299. 

13. Arenas-Huertero F, Arroyo A, Zhou L, Sheen J, Leon P (2000) Analysis of 
Arabidopsis glucose insensitive mutants, gin5 and gin6, reveals a central role of 
the plant hormone ABA in the regulation of plant vegetative development by 
sugar. Genes Dev 14: 2085-2096. 

14. Carvalho RF, Carvalho SD, Duque P (2010) The plant-speeific SR45 protein 
negatively regulates glucose and ABA signaling during early seedling 
development in Arabidopsis. Plant Physiol 154: 772-783. 

15. Chen JG, Jones AM (2004) AtRGSl function in Arabidopsis thaliana. Methods 
Enzymol 389: 338-350. 

16. Cui H, Hao Y, Kong D (2012) SCARECROW has a SHORT-ROOT- 
independent role in modulating the sugEir response. Plant Physiol 158: 1769— 
1778. 

17. Gibson SI, Laby RJ, Kim D (2001) The sugar-insensitive 1 (sisl) Mutant of 
Arabidopsis Is Allelic to Ctrl. Biochemicail and Biophysical Research 
Communications 280: 196-203. 

18. Huang Y, Li CY, Pattison DL, Gray WM, Park S, et al. (2010) SUGAR- 
INSENSITIVE3, a RING E3 Hgase, is a new player in plant sugar response. 
Plant Physiol 152: 1889-1900. 



19. Huang Y, li CY, Biddle K, Gibson S (2008) Identification, cloning and 
characterization of sis7 and sislO sugar-insensitive mutants of Arabidopsis. BMC 
Plant Biology 8: 104. 

20. Dekkers B, SchuurmansJ, Smeekens S (2008) Interaction between sugar and 
abscisic acid signalling during early seecUing development in Arabidopsis. Plant 
Molecular Biology 67: 151-167. 

21. Yanagisawa S, Yoo SD, Sheen J (2003) Differential regulation of EIN3 stability 
by glucose and ethylene signalling in plants. Nature 425: 521—525. 

22. Finkelstein R, Wang M, Lynch T, Rao S, Goodman H (1998) The Arabidopsis 
abscisic acid response locus ABI4 encodes an Apetala2 domain protein. Plant 
Cell 10: 1043-1054. 

23. Huijser C, Kortstee A, Pcgo J, Weisbeek P, Wisman E, et al. (2000) The 
Arabidopsis SUCROSE UNCOUPLED-6 gene is identical to ABSCISIC ACID 
INSENSITIVE-4: involvement of abscisic acid in sugar responses. Plant J 23: 

577-586. 

24. Rook F, Corke F, Card R, Munz G, Smith C, et al. (2001) Impaired sucrose- 
induction mutants reveal the modulation of sugar-induced starch biosynthctic 
gene expression by abscisic acid signalling. Plant J 26: 421^33. 

25. Leon P, Gregorio J, Cordoba E (2012) ABI4 and its role in chloroplast 
retrograde communication. Front Plant Sci 3: 304. 

26. Wind JJ, Peviani A, Snel B, Hanson J, Smeekens SC (2013) ABI4: versatile 
activator and repressor. Trends Plant Sci 18: 125-132. 

27. Acevedo-Hemandez GJ, Leon P, Herrera-Estrella LR (2005) Sugar and ABA 
responsiveness of a minimal RBCIS light-responsive unit is mediated by direct 
binding of ABM. The Plant Journal 13:5110 519. 

28. Bossi F, (.Cordoba E. Dupre P, Mendoza MS, Roman CS, et al. (2009) The 
Arabidopsis ABA-IXSEXSI'FIVE (ABI) 4 factor acts as a central transcription 
activator of the expression of its own gene, and for the induction of ABI5 and 
SBE2.2 genes during sugar signahng. Plant J 59: 359-374. 

29. Reeves WM, Lynch TJ, Mobin R, Finkelstein RR (2011) Direct targets of die 
transcription factors ABA-Insensitive(ABI)4 and ABI5 reveal synergistic action 
by ABI4 and several bZIP ABA response factors. Plant Mol Biol 75: 347-363. 

30. Alonso-Blanco C, Aarts MG, Bentsink L, Keurentjes JJ, Reymond M, et al. 
(2009) What has natural variation taught us about plant development, 
physiology, and adaptation? Plant Cell 21: 1877-1896. 

31. Teng S, Rognoni S, Bentsink L, Smeekens S (2008) The Arabidopsis GSQ_5/ 
DOGl Cvi allele is induced by the ABA-mediated sugar signalling pathway, and 
enhances sugar sensitivity by stimulating ABM expression. PlantJ 55: 372—381. 

32. Li P, WindJJ, Shi X, Zhang H, Hanson J, ct al. (2011) Fructose sensitivity is 
suppressed in Arabidopsis by the transcription factor ANAC089 lacking the 
membrane-bound domain. Proc Natl Acad Sci U S A 108: 3436-3441. 

33. Darvasi A, Soller M (1992) Selective genotyping for determination of linkage 
between a marker locus and a quantitative trait locus. Theoretical and Applied 
Genetics 85: 353-359. 

34. Torjek O, Meyer RC, Zehnsdorf M, Teltow M, Strompen G, et al. (2008) 
Construction and analysis of 2 reciprocal Arabidopsis introgression line 
populations. J Hered 99: 396-^06. 



PLCS Genetics | www.plosgenetics.org 



9 



MarcPi 2014 | Volume 10 | Issue 3 | e1004213 



ANAC060 Attenuates the Sugar-ABA Signaling Cascade 



35. Ooka H, Satoh K, Doi K, Nagata 'l\ Otomo Y, ct al. (2003) Comprehensive 
Analysis of NAC Family Genes in Oryza sativa and Arabidopsis thaliana. DNA 
Res 10: 239-247. 

36. Kim S-Y, Kim S-G, Kim Y-S, Seo PJ, Bae M, et al. (2007) Exploring 
membrane-associated NAC transcription factors in Arabidopsis: implications for 
membrane biology in genome regulation. Nucl Acids Res 35: 203—213. 

37. Klein P, Seidel T, Stocker B, Dietz KJ (2012) The membrane-tethered 
rranscriplion lacror ANACJ089 serves as redox-dependent suppressor of stromal 
ascorbate peroxidase gene expression. Front Plant Sei 3: 247. 

3f3. Shu K, Zhang H, Wang S, Ghen M, VVu Y, er a!. (2013) ABM Regulates 
Primary Seed Dormancy by Regulating the Biogenesis of Abscisie Acid and 
Gibberellins in Arabidopsis. PLoS Genet 9: el003577. 

39. Sun Y, Wang J, Crouch J, Xu Y (2010) Efficiency of selective gcnotyping for 
genetic analysis of complex traits and potential applications in crop 
improvement. Molecular Breeding 26: 493—511. 

40. Farkhari M, Krivanek A, Xu Y, Rong 'F, Naghavi MR, et al. (2013) Root- 
lodging resistance in maize as an example for high-throughput genetic mapping 
via single nucleotide polymorphism-based selective genot^q.oing. Plant Breeding 
132: 90-98. 

41. Prasad M, Varshney RK, Kumar A, Balyan HS, Sharma PC, et al. (1999) A 
microsatellite marker associated with a QTL for grain protein content on 
chromosome arm 2DL of bread wheat. Theoretical and Applied Genetics 99: 
341-345. 

42. Ayoub M, Mather DE (2002) Effectiveness of selective genotyping for detection 
of quantitative trait loci: an analysis of grain and malt quality traits in three 
barley populations. Genome 45: 1116-1124. 

43. Foolad MR, Stoltz T, Dervinis C, Rodriguez RL, Jones RA (1997) Mapping 
QTLs conferring salt tolerance during germination in tomato by selective 
genotyping. Molecular Breeding 3: 269-277. 

44. Foolad MR, Zhang LP, Lin GY (2001) Identification and validation of QTLs for 
salt tolerance during vegetative growth in tomato by selective genotyping. 
Genome 44: 444-454. 



45. Zhang LP, Lin GY, Nino-Liu D, Foolad MR (2003) Mappmg QFLs 
conferring early blight (Alternaria solani) resistance in a Lycopersicon 
esculentumxL. hirsutum cross by selective genotyping. Molecular Breeding 
12: 3-19. 

46. Carr LG, Foroud T, Bice P, Gobbert T, IvashinaJ, et al. (1998) A Quantitative 
Trait Locus for Alcohol Consumption in Selectively Bred Rat Lines. Alcoholism; 
Clinical and Experimental Research 22: 884-887. 

47. Kim S-G, Lee S, Seo PJ, Kim S-K, Kim J-K, et al. (2010) Genome-scale 
screening and molecular characterization of membrane-bound transcription 
factors in Arabidopsis and rice. Genomics 95: 56—65. 

48. Chen YN, Slabaugh E, Brandizzi F (2008) Membrane-tethered transcription 
factors in Arabidopsis thaliana: novel regulators in stress response and 
development. Curr Opin Plant Biol 11: 695-701. 

49. Huang X-Y, Chao D-Y, Gao J-P, Zhu M-Z, Shi M, et al. (2009) A previously 
unknown zinc finger protein, DST, regulates drought and salt tolerance in rice 
via stomatal aperture control. Genes & Development 23: 1805-1817. 

50. Zhou CM, Zhang TQ, Wang X, Yu S, Lian H, et al. (2013) Molecular basis of 
age-dependent vernalization in Cardamine flexuosa. Science 340: 1097-1100. 

51. Yoo SD, Cho YH, Sheen J (2007) Arabidopsis mesophyll protoplasts: a versatile 
cell system for transient gene expression analysis. Nat Protoc 2: 1565—1572. 

52. Hellens RP, Allan AC, Friel EN, Bolitho K, Grafton K, et al. (2005) Transient 
expression vectors for flinetional genomics, quantification of promoter activity 
and RNA silencing in plants. Plant Methods 1: 13. 

53. Czeehowski 1', Stitt M, Altmann 1\ Udvardi MK, Seheible W-R (2005) 
Genome-Wide Identification and I'esting of Superior Reference Genes for 
Transcript Normalization in Arabidopsis. Plant Physiol 139: 5—17. 

54. Muller PY, Janoyjak H, Miserez AR, Dobbie Z (2002) Processing of gene 
expression data generated by quantitative real-time RT-PCR. Biotechniques 32: 
1372-1374, 1376, 1378-1379. 

55. Simon P (2003) Q-Gene: processing quantitative real-time RT-PCR data. 
Bioinformatics 19: 1439-1440. 



PLOS Genetics | www.plosgenetics.org 



10 



March 2014 | Volume 10 | Issue 3 | e1004213 



